A novel technique allows long-term monitoring of realtime oxygen consumption during seed germination in an open system. Most current techniques used to detect oxygen consumption by seeds measure the decrease in oxygen concentration in a closed chamber. This is not ideal for long-term experiments because the chamber must be replenished with air periodically, subjecting the seeds to abrupt changes in oxygen concentration. The current technique employs an open system, in which seeds are submerged in a continuously aerated aqueous environment. Oxygen electrodes are used to measure the steady-state concentration of oxygen in the solution, which is a function of both the rate of oxygen consumption by the seed and the rate of aeration from the atmosphere. The rate of aeration is directly dependent on the oxygen concentration of the bathing solution; therefore, previous calibration of the system allows the direct conversion of steady-state oxygen concentrations into oxygen consumption rates. Because oxygen is not limiting, the experimental design described here can monitor the same sample non-intrusively every minute for more than 24 h, allowing for greater precision than hourly readings often reported with current techniques. Multiple treatments and/or replicates can be run simultaneously, allowing sensitive comparison of various seed treatments or seed types. To illustrate its potential application, the technique was used to follow the rehydration and pre-emergence phases of germination of cucumber (Cucumis sativum), pea (Pisum sativum) and mustard (Brassica juncea) seeds, detect the inhibitory effects of surface sterilization techniques on seed respiration of cucumber, and follow the interaction of a bacterial biocontrol agent with germinating cucumber and pea seeds.
Introduction
Real-time seed oxygen consumption provides a direct indication of metabolic status during germination. There are two basic approaches to measure oxygen consumption or production (Trudgill, 1985) . Manometric techniques rely on changes in the partial pressure of oxygen that can be detected either by a change in the pressure of the system, as in the Warburg apparatus, or by a change in the volume of the system, as in the Gilson respirometer. More recently, polarographic techniques involving oxygen electrodes have become more common. The Clarktype electrode produces a flow of current directly proportional to the concentration of the dissolved oxygen, which passes through an oxygen-permeable Teflon membrane. Both techniques provide accurate measurements of changes in oxygen concentrations. However, a common feature required for most methods utilizing these technologies is a closed system that prevents influx of oxygen from the atmosphere. This makes it necessary to either replenish the oxygen in the system or take periodic samples in order to monitor treatments over an extended period.
During studies of biocontrol agents of cucumber seeds (Roberts et al., 1999) , a model system was developed to compare the metabolic activity of different bacterial isolates interacting with seeds (Roberts et al., unpublished) . This technique also had the potential to detect different phases of metabolic activity by the germinating seeds. Seeds are submerged in a continuously aerated aqueous environment, and oxygen electrodes are used to continuously monitor the oxygen concentration of the bathing solution (Baker et al., 1997) . In an open-air system, the oxygen concentration in the bathing solution is a balance between the consumption by the seeds and diffusion from the air. Pre-calibration of the system allows the rate of oxygen consumption to be determined directly from the steady-state oxygen concentration of the bathing solution. Because multiple samples can be run concurrently, sensitive comparisons of various seed treatments can be made. A preliminary report of this work has been published (Baker et al., 2002) .
Materials and methods

Chemicals
Unless otherwise mentioned, rifampicin, streptomycin, erythromycin and other chemicals were purchased from Sigma-Aldrich Chemicals Inc. (St. Louis, Missouri, USA).
Plant material
Cucumber (Cucumis sativum cv. Marketmore 76) seeds were purchased from Meyer Seed Company (Baltimore, Maryland, USA). Mustard (Brassica juncea cv. Giant Curled) seeds were purchased from Home Harvest Garden Supply (Baltimore, Maryland, USA). Pea (Pisum sativum cv. Sugar Snap) seeds were purchased from Wetsel Inc. (Harrisburg, Virginia, USA). Cowpea (Vigna unguiculata cv. Blackeye) seeds were collected in 1982 from field studies in Beltsville, Maryland, USA. All seeds were stored at 7°C.
The approximate germination percentage and time for embryo emergence of each seed lot used in this experiment were determined by incubating seeds on moist filter paper in a Petri dish at 27°C. The germination percentages for all seed lots were always greater than 90%, except for cowpea (1982 collection), which was about 40%. Wet weight measurements were obtained by weighing seeds before and after various periods of incubation under the same assay conditions described below for oxygen monitoring. Excess water was removed from the seeds by brief blotting with paper towels.
Surface sterilization of some seeds was carried out by submergence in either 20% Chlorox (1% sodium hypochlorite in 100 mM sodium phosphate, pH 6) or 70% ethanol for 1 min. The seeds were then quickly and thoroughly rinsed with sterile distilled water. The entire process took less than 10 min prior to beginning the experiment. Experiments with antibiotics were carried out by adding 1 µl ml Ϫ1 concentrated stock to the bathing solution in each beaker.
Final concentrations tested were erythromycin, 40 µg ml Ϫ1 ; rifampicin, 40 µg ml Ϫ1 ; or streptomycin, 300 µg ml Ϫ1 . Stocks of erythromycin and rifampicin were prepared in dimethylsulphoxide (DMSO), which had no apparent effect on seed germination or oxygen consumption when tested separately.
Bacterial preparations
Enterobacter cloacae 501R3 is a spontaneous rifampicinresistant mutant of E. cloacae EcCT501 (Nelson, 1988; Roberts et al., 1992) . Cultures were maintained on Luria-Bertani (LB) medium (Miller, 1972) containing 100 µg ml ‫1מ‬ rifampicin. Cultures of E. cloacae for experiments were grown overnight on LB broth at 30°C. Bacteria were collected by centrifugation and washed with water. Concentrated bacterial suspensions were prepared so that less than 0.5 ml inoculum per beaker would bring the final bacterial concentration to 3 × 10 8 colony-forming units (cfu) ml
‫1מ‬
. In some seed treatments, bacterial populations were determined to monitor contamination, by removing 100 µl of supernatant from the beaker, which was then dilution plated on Kings B agar (Baker et al., 1997) .
Monitoring real-time oxygen consumption in an open system
This is an adaptation of a technique and concept first developed for monitoring oxygen consumption by plant cell suspensions in an open system (Baker et al., 1997) . Routinely, 4 g of seeds were placed in 50 ml plastic beakers fitted with No. 10 rubber stoppers. The stoppers contained three 1 cm holes, one for attachment of the oxygen electrode described below and two to ensure good air exchange (Fig. 1) . Air-saturated buffer, 1 mM MES [2-(N-morpholino)ethanesulphonic acid], pH 6, and supplements, such as E. cloacae or antibiotics, were added to a level of about half the beaker volume (20 ml for a 50 ml beaker) to allow sufficient movement and aeration of the liquid when shaken on the water bath at 27°C at speeds of 180 (routine) to 230 rpm. All components of the apparatus that were in contact with the seeds were rinsed with 10% Clorox prior to use. Rifampicin, 40 µg ml Ϫ1 , was added routinely to the bathing buffer, except where mentioned, to minimize the effects of bacterial contamination. Figure 1 shows a diagram of the basic design, including an optional electrode guard that we found necessary with some larger seeds that physically interfered with the electrode as the system was shaking. The guard was made from a 5 ml plastic pipette tip with numerous holes melted into the sides.
Up to 16 beakers could be monitored simultaneously. It generally took about 10 min after addition of the buffer to the dry seeds for the electrodes to provide stable readings. For larger seeds, such as lima beans, 10-12 g of seeds were placed in 100 ml glass beakers filled to a volume of about 50 ml.
The shaker speed is a critical parameter that must be checked for each different seed type. The shaker speed directly controls the rate of aeration, as described below. We found that the seeds do not need to be physically stirred by the bathing solution; however, if the speed is too slow, the dissolved oxygen in the bathing solution will not be uniformly transferred to the seed. When this occurs, the mV output appears highly unstable, with periodic fluctuations of 5% or more ( Fig. 2A) . In most cases, we found that 180 rpm provided uniform aeration. Treatments were usually carried out in triplicate and repeated at least twice.
The oxygen concentration in the bathing solution of each beaker was monitored using Clarke-type oxygen microelectrodes (Microelectrodes Inc., Londonderry, New Hampshire, USA). The mV output from each electrode was recorded using an external data acquisition board and Labview software (National Instruments Corp., Austin, Texas, USA), as described previously (Baker et al., 1997) . The data were then downloaded to Microsoft Excel for analysis. The mV readings were routinely recorded at 1 min intervals, except for experiments with E. cloacae, where the interval was reduced to 15 s to detect the faster changes in oxygen concentration accurately.
The oxygen concentration of the bathing solution can be used to estimate directly the rate of oxygen consumption by the contents of the beaker, as described previously (Baker et al., 1997) . Calibration curves and formulas were derived from experiments carried out under identical conditions, including beaker size, solution volume and shaker speed, but without seeds (Fig. 2B) . The solution was purged with nitrogen and then the oxygen concentration was recorded at 15 s intervals, as oxygen diffuses in from the air (Fig. 2B, insert) . The rate of aeration decreases linearly as the oxygen concentration of the bathing solution increases from 40% air-saturation to about 100% saturation (~264 µM, US Geological Survey, 1998). Linear regression of the concentration of oxygen (% saturation), plotted against the rate of oxygen aeration (µM min Ϫ1 ), provided the calibration plot in Fig. 2B . The correlation coefficient for oxygen concentrations greater than 50% saturation was r-0.997. The rate of aeration was calculated by multiplying the decrease in percentage saturation by the respective slope: 0.075, 0.48 or 0.74 µM min Ϫ1 % Ϫ1 , for a 20 ml sample shaken at 130, 180 or 230 rpm, respectively. For example, a 20 ml sample shaken at 180 rpm would have an aeration rate of about 12 µM min Ϫ1 at 75% saturation (25% decrease in saturation multiplied by 0.48 µM min Ϫ1 % Ϫ1 ).
Results and discussion
This technique utilizes a principle that allows oxygen consumption to be estimated in an open system (Baker et al., 1997) . The principle is based on Fick's first law of diffusion (Piper and Scheid, 1981) , which states that the rate of diffusion of a gas into a liquid will increase as the partial pressure or concentration of the gas in the solution decreases. In this technique, as the rate of oxygen consumption by the submerged germinating seeds increases, the oxygen concentration of the surrounding bathing solution (Fig. 1) decreases. Consequently, this decrease in oxygen concentration causes an increase in the rate of diffusion of oxygen from the atmosphere. These two processes, oxygen consumption by the seed and aeration from the atmosphere, establish a new steadystate concentration of oxygen in the bathing solution, which is monitored by an oxygen electrode. Once the system has been calibrated, the net oxygen consumption by the seeds can be calculated directly from the oxygen concentration of the bathing solution. Figure 1 . Diagram of the measurement vessel used to monitor oxygen concentration during seed germination. A 50 or 100 ml beaker is fitted with a rubber stopper containing several large holes that are used to affix the electrode and allow air exchange. The optional electrode guard was made from a 5 ml plastic pipette tip with numerous holes melted into the sides. The seeds are submerged in bathing buffer, 1 mM MES, pH 6. As many as 16 of these vessels can be monitored simultaneously in a water bath shaker at 25°C. A computer records the mV output from each electrode every minute. Further details are provided in the Materials and methods section.
The decrease in the steady-state concentration of oxygen did not substantially limit the oxygen consumption by the seeds. Mustard seeds, 2 g in 20 ml, shaken at two different speeds, 180 rpm and 230 rpm, had steady-state concentrations of O 2 of about 75% and 85% saturation, respectively ( Fig. 2A) , both of which corresponded to a rate of about 12 µM O 2 min Ϫ1 (Fig. 2B ). The percent oxygen saturation data recorded directly from the electrodes can be used to estimate the rate of aeration of the bathing solution, µM min Ϫ1 at each point. The bathing solution without seeds is purged with nitrogen to reduce the oxygen to nearly 0%, the oxygen concentration is then recorded as air diffuses into the solution (insert). The slope or rate of increase in oxygen concentration is plotted against oxygen concentration, and the standard curve is made by linear regression as described in the Materials and methods section. The dotted lines indicate that seeds in 20 ml of solution consuming oxygen at a rate of 12 µM min Ϫ1 would reduce the oxygen concentration to about 75% saturation when shaken at 180 rpm or 85% saturation when shaken at 230 rpm. Under steady-state conditions the rate of aeration should approximate the rate of oxygen consumption by the seeds. (At concentrations of oxygen greater than 50% saturation, r > -0.997.)
Characterization of phases of germination
Real-time monitoring of oxygen consumption during the germination of cucumber, mustard and pea seeds was compared to increased wet weight measurements, to help characterize the rehydration and pre-emergence phases of germination (Fig. 3) . With seeds submerged in a continuously aerated solution, the first phase, imbibition, began almost immediately after addition of the buffer. The rate of oxygen consumption (Fig. 3A and B) continued to increase rapidly during imbibition until nearly all of the tissue was rehydrated, as indicated by the concurrent increase in wet weight (Fig. 3C) . Oxygen consumption increased with the amount of seeds in the beaker, as demonstrated with mustard (Fig. 3A) . Two grams of mustard seeds were used routinely; above this amount the high number of seeds interfered with the bathing and aeration by the buffer. To help estimate the onset of the second phase of germination, a dotted line was inserted in Fig. 3 , through the region where increases in oxygen consumption or wet weight appeared to have stabilized. The arrows or lines indicate the approximate time that phase 1 is nearly complete and phase 2 begins. The automated data collection every minute allowed greater precision and was more convenient than manual readings taken every few hours. These data can be used to determine and compare several seed characteristics under these aerated aqueous conditions:
(1) Time of phase 1 completion. The initial rapid increase in respiratory rate appears to be tightly correlated with rehydration (increase in wet weight) and allows a more precise indication, within minutes, of the point at which the preformed metabolic machinery is rehydrated and active. Two seed properties that would affect rehydration would be the permeability of the seed coat and the size, or amount, of tissue to be rehydrated. The seed coats of cucumber, mustard and pea did not appear to interfere with rehydration, since the increase in wet weight and oxygen consumption occurred almost immediately after addition of buffer. In similar experiments with lima beans, there was a lag period of more than 12 h before oxygen consumption and rehydration began, unless the seed coat was scarred with a razor blade first (data not shown). The smaller seeds (Table 1) rehydrated faster, perhaps due to less tissue and more surface area, with mustard (1.7 mm 3 ) and cucumber (20 mm 3 ) completing phase 1 by 4-5 h, followed by pea (220 mm 3 ) at about 10 h. (2) Rate of oxygen consumption. Once phase 2 is established, comparisons of the rates of oxygen consumption at the midpoint of phase 2 can be made on both a seed and weight basis. With these three seed types, oxygen consumption on a weight basis was inversely proportional to seed size (Table 1) , with mustard and pea at about 108 and 35 nmole O 2 min Ϫ1 g Ϫ1 , respectively ( Fig. 3A  and B ). This is within the range of respiration reported for tomato seeds (49 nmole CO 2 min Ϫ1 g Ϫ1 ), using a closed system and sampling every 4-5 h (Dahal et al., 1996) . Comparing oxygen consumption on a per seed basis (Table 1) provides the opposite relationship, with oxygen consumption for mustard and pea of 0.2 and 8.75 nmole O 2 min Ϫ1 seed Ϫ1 , respectively. (3) Time of phase 2 completion. Classically, the end of phase 2 and germination is marked by the growth and emergence of the embryo and is associated with a second burst of oxygen consumption (Bewley and Black, 1994) . In this study, mustard and cucumber completed germination in less than 15 h (Table 1) , and a second burst in oxygen consumption was easily discernible at about 12 and 13 h, respectively ( Fig. 3A and B) , shortly before embryo emergence was detected visibly in a Embryo emergence was determined by placing seeds in a moist paper towel in a baking dish covered with plastic wrap and incubating at 27°C. b Oxygen consumption was estimated at the midpoint of phase 2 ( Fig. 3A and B, Fig. 4B ). Figure 3 . Measurement of oxygen consumption and wet weight increase during germination. The oxygen consumption during the germination of (A) mustard seeds, 1, 2 and 4 g samples (nmole O 2 min Ϫ1 ), or (B) pea and cucumber seeds, 4 g each (nmole O 2 min Ϫ1 g Ϫ1 ), was monitored. The oxygen concentration (% saturation) recorded from the oxygen electrode could be plotted directly as oxygen consumption based upon calibration standards, as described in the Materials and methods section. A dotted line was drawn to aid in depicting the phase of stabilized oxygen consumption. Arrows or lines indicate the approximate time this phase begins or ends. (C) Concurrently, seeds in another set of beakers under similar conditions were harvested periodically for wet weight measurements. Oxygen consumption and wet weights were measured as described in Materials and methods, using a shaker speed of 180 rpm at 27°C. the beakers. Pea seeds completed germination after 18-28 h, at which time high amounts of seed exudate interfered with the oxygen electrodes and prevented extended monitoring.
Effect of antimicrobial seed treatments on oxygen consumption
Due to the long periods of incubation in an aqueous environment, bacterial contamination was a concern, especially with seeds obtained directly from the field, as well as seeds that were found to produce large amounts of exudate. To avoid potential problems due to contamination, different treatments were tested, including surface sterilization of seeds with 70% ethanol and 20% Clorox, and the addition of the antibiotics, streptomycin, erythromycin or rifampicin to the bathing solution (Fig. 4) .
This technique revealed that the commonly used practice of surface sterilization appeared to have a detrimental effect on certain species of seed. Cucumber seeds were sensitive to the 1 min submersion in Clorox or ethanol, with a nearly 40% decrease in phase 2 oxygen consumption, from about . Effect of antimicrobial treatments on oxygen consumption during germination. Antimicrobial treatments of cucumber (A) or cowpea (B) seeds included surface disinfection with either 70% ethanol or 20% Chlorox for 1 min, and/or addition of antibiotics, rifampicin (40 µg ml Ϫ1 ) or streptomycin (300 µg ml Ϫ1 ), to the bathing buffer. Oxygen measurements were made continuously, as described in the Materials and methods section.
nmole O 2 min
Ϫ1 g Ϫ1 to about 40-45 nmole O 2 min Ϫ1 g Ϫ1 (Fig. 4A ). In addition, the duration of phase 2 oxygen consumption in the Clorox and ethanol treatments was extended by 3-5 h compared to that of the untreated seeds. Visual observation (data not shown) confirmed that embryo emergence in treatments with Clorox and ethanol was delayed by several hours compared to untreated and antibiotictreated seeds. However, in all treatments, the germination percentage after 24 h was greater than 97%. It was surprising, based on oxygen consumption, that surface sterilization did not have more of an effect on percentage germination. It is possible that the detrimental effects are on nonembryonic cells that respire and provide energy for emergence but are not critical for germination; thus, the extended period for phase 2 was required to compensate for the decrease in the rate of metabolism and energy production. Treatments in which antibiotics were added to the bathing solution had minimal effect on oxygen consumption or timing compared to the untreated seeds (Fig. 4A) .
Cowpea ( Fig. 4B ) and sugarbeet (data not shown) seeds produced considerable amounts of exudate that supported bacterial growth and eventually resulted in the production of a highly viscous material. Both the high population of bacteria (>2 × 10 8 cfu ml
Ϫ1
) and the decrease in aeration caused by the viscous material interfered with the monitoring of oxygen consumption over extended periods of time. The oxygen concentration would suddenly drop to 0%. Various antibiotic treatments tested delayed interference but did not prevent this problem. Clorox and ethanol surface sterilization treatments did not reduce oxygen consumption by the cowpea seeds, unlike the results obtained with cucumber seeds (Fig. 4A) .
Based on tests of antibiotic treatments, rifampicin (40 µg ml Ϫ1 ) was selected for routine use by addition to the bathing buffer. The bacterial populations were monitored periodically during these experiments and were found to interfere with oxygen consumption when their population densities reached 10 8 -10 9 cfu ml Ϫ1 . For seeds that did not produce excessive amounts of exudate, such as cucumber and mustard, interference from bacterial contamination only occurred in untreated seeds after 24 h, well after germination was complete. When rifampicin was added to these treatments, bacterial populations remained below 3 × 10 6 cfu ml Ϫ1 over a 48 h period.
Monitoring interactions between germinating seeds and biocontrol agents
This technique was used to provide insight into the interaction of seeds with biological additives, such as biocontrol agents. E. cloacae has been shown to protect cucumber, but not pea seedlings, from damping-off when applied to seeds prior to planting (Roberts et al., 1999) . Although there are substantial differences between this aqueous model and soil conditions, several insights into the bacteria/seed interaction were gained. When E. cloacae was added to cucumber or pea seeds, there was an immediate and rapid increase in oxygen consumption compared to the bacteria or seeds alone (Fig. 5) . In cucumber (Fig. 5A) , this increased activity ranged from 20 to 45 nmole O 2 min Ϫ1 g Ϫ1 greater than seeds alone and was sustained during phase 1, as the seeds rehydrated. After 4-5 h, the oxygen consumption decreased abruptly, to about 10 nmole O 2 min Ϫ1 g Ϫ1 more than that of the seeds alone. When E. cloacae was added to pea seeds (Fig.  5B) , a different interaction was observed. The increased oxygen consumption caused by the addition of bacteria was maintained throughout phase 1 and phase 2, more than 15 h. In both interactions the additional oxygen consumption due to the addition of bacteria reached maximum rates of 30-40 nmole O 2 min Ϫ1 g Ϫ1 (seed weight). In cucumber seeds this maximum was reached within 30 min, whereas in pea seeds it took 4-5 h.
It is likely that the additional oxygen consumption observed for both the cucumber and pea seeds was due to the presence of seed exudate. This is supported by the observation that, in cucumber, addition of a 0.5 ml bolus of seed exudate concentrate, from 4 g of seeds to treatments containing seeds plus bacteria during phase 2, immediately caused a second transient increase in oxygen consumption (Fig. 5A) . Past studies have shown that pea seeds produce greater amounts of exudate per gram than cucumber, >100-fold based on carbohydrate, and produce it over a longer period of time (Roberts et al., 1999) . These observations may indicate that, in the interaction of E. cloacae and cucumber, most of the seed exudate is released and consumed by the bacteria during phase 1. In the interaction of E. cloacae and pea, the much greater amount of seed exudate maintains the higher rate of oxygen consumption by the bacteria throughout phase 1 and phase 2. It is possible that this rapid consumption of cucumber seed exudate by E. cloacae would aid in the suppression of Phythium damping-off (Nelson, 1988) .
Conclusions
The data presented here demonstrate that real-time monitoring of oxygen consumption can provide useful information about seed germination that is not easily obtained by other techniques. The technique is able to detect and quantify changes in metabolic activity that occur as seeds progress through different phases of germination. The ability to measure multiple samples simultaneously on a minute-by-minute basis allows subtle and quantifiable comparisons to be made. Therefore, potentially, the effect of various additives, hormones or treatments on seed metabolism can be quantified, as well as associated with the phase of germination affected. This technique also has potential to provide insight into interactions of seeds with microorganisms, as shown here by studies with a bacterial biocontrol agent. In addition, it offers the possibility to monitor oxygen consumption beyond germination sensu stricto and through embryo emergence, with small seeds that germinate rapidly, as shown here with mustard. . Monitoring oxygen consumption during seed germination in the presence of a bacterial biocontrol agent, Enterobacter cloacae. Cucumber (A) or pea (B) seeds were submerged in soil extract containing 2 × 10 8 cfu ml Ϫ1 E. cloacae. Oxygen measurements were made continuously, as described in the Materials and methods section. In some treatments of cucumber with E. cloacae, a 0.5 ml bolus of seed exudate was added to the vessel after about 6 h. The bolus was prepared from lyophilized exudate from 4 g of seeds.
